with their effective atmosphere vertical profile-is essential for data-assimilation applications. The present study seeks to obtain some parameters related to the water cycle with a locally tuned physical retrieval procedure, focusing on precipitable water (PW) estimate.
inclination value is 35° for TMI and 98.8° for SSM/I, and to maintain an Earth incidence angle near 53°, the nadir cone angle for TMI is 49° as compared to 45° for SSM/I. To fly lower and faster implied a technological change -compared to SSM/I-of several instrument scanning characteristics: sample integration time was enhanced (i.e. 4.2 versus 3.3 ms for 85.5 GHz channels and 8.44 versus 6.6 ms for other channels); TMI also has a wider active scan angle: 130° versus 102° for SSM/I. On the other hand, the TRMM mission covers only the tropical region. A preliminary post-launch TMI data validation comparing brightness temperatures of the TMI to SSM/I (DMSP F14) ones showed some biases between the two. In general, TMI tended to yield warmer than the SSM/I at the lower end of the brightness temperature range, and colder in the higher end. On occasion, the 21
GHz channel cold calibration counts exhibited large changes from one scan to the next. This can lead to temperatures uncertainties of a few degrees [2] .
A. Data processing
SSM/I data were deconvoluted [6] (achieving a common resolution of 0.2x0.2 degrees with TMI data) for the following reasons:
the limited spatial extension of the Mediterranean area, the target of obtaining spatially well defined PW and LWP field distributions, and the existing differences among the spatial resolutions of the SSM/I and TMI channels. Both SSM/I and TMI data were not corrected from possible navigation errors, which may be present in SSM/I data. SSM/I geolocation errors can be as much as 30 km; as reported by Poe and Conway. [19] the operational utilisation of a more accurate spacecraft ephemeris has removed about half of the geolocation error; the remaining error can be reduced by employing a fixed set of effective spacecraft attitude corrections, but it can be as much as 7 km. Each scene pixel was classified as: sea, land or coastline. The nearest neighbourhood of each coastline-classified pixel was re-classified as coastline, as well. Then, land and the opportunely thicken coastline boundary were removed from processed data in order to avoid land influence on radiometric signature. Eventually, precipitation pixels were filtered according to a PCT-based algorithm [7] and to Farriday and Avery technique [8] , for SSM/I and TMI data, respectively.
B. Study case
The data-set utilised for the presented study consists of fifteen near-coincident TMI and SSM/I data acquisitions (i.e. overpasses time-window less than or equal to 2 minutes), in 1998 and 1999. These data are spread over three seasons: spring, summer and autumn. A typical example of near-coincident acquisition is showed in figure 1. For these cases we obtained the corresponding daily average value of the Mediterranean sea surface temperature, which was utilised as first guess during the inversion process.
III. SSM/I STATISTICAL TOTAL PW AND LWP RETRIEVALS
In order to compare and validate PIn procedure retrieving, total PW and LWP retrievals were analysed against SSM/I empirical estimates carried out applying well-accepted and utilised statistical algorithms.
A. SSM/I PW statistical algorithms
Since the launch of the first SSM/I a large number of total PW retrieval algorithms have been developed and validated. The confidence in the accuracy of these retrievals is felt to be the highest of all SSM/I retrievals [9] . The original Cal/Val algorithm produced by Alishouse et Al. [10] seems to perform quite well; nevertheless, some weaknesses of this algorithm retrievals have been identified by many research works. Nowadays, a large number of competitive algorithms, based on different approaches, 
Equation (1) is the result of a single channel statistical approach using the 22 GHz; the authors reported very good regression results (i.e. 0.98) and a prediction accuracy (i.e. estimated standard error) of 0.17 kg/m 2 . This retrieval model performs well in very dry atmospheres; on the contrary, high atmospheric liquid water contents (i.e. cloud liquid water or precipitation) or extreme differences between surface and atmospheric temperatures at low levels lead to biases in total PW estimates through equation (1). Therefore, the authors utilised channel differences approach to suppress these effects. Equations (2) and (3) are the corrected retrieval models, utilising a two and a three-channel approach, respectively. The authors reported a reduced estimated standard error equal to 1.5 kg/m 2 for equation (2) and to 1.45 kg/m 2 for equation (3) .
B. SSM/I LWP statistical algorithms
As far as the LWP quantities estimate is concerned, there is a general lack of conventional ground-truth data, since direct measurement of LWP is extremely difficult. Therefore, while a number of SSM/I-based algorithms have been developed, little work has been done on their validation. In order to compare and validate LWP values retrieved with the PIn procedure, we utilised the well-accepted Weng and Grody [11] statistical algorithm. It is utilised by the ECMWF (European Centre for Medium-range Weather Forecasts) for the validation of their forecasting model cloud liquid water products [12] . This algorithm claims major improvements over other studies by correctly detecting liquid water in optically-thin stratus and low-level clouds.
Through the use of a number of different coefficients, it applies three separate functions to pseudoclimatic regions and a composite algorithm:
LWP 19v = -3.20*(log e (290.0 -T b19v ) -2.80 -0.42* log e (290.0 -T b22v ) );
LWP 37v = -1.66*(log e (290.0 -T b37v ) -2.90 -0.349* log e (290.0 -T b22v ) );
LWP 85h = -0.44*(log e (290.0 -T b85h ) + 1.60 -1.354* log e (290.0 -T b22v ) );
 LWP 19v if ≥ 0.6 mm; LWP weng & grody =  LWP 37v if ≥ 0.2 mm or PW ≥ 30 mm; (7)  LWP 85h otherwise;
In the forthcoming part of the work, the above reported integrated liquid water retrievals will be referred as LWP Weng19v , LWP Weng37v , LWP Weng85h and LWP Weng , respectively.
IV. OPERATIVE PIN PROCEDURE
Starting from a new developed fast nonlinear physical inversion algorithm [3] an operative procedure has been developed in order to estimate atmosphere parameters over the Mediterranean basin. The main design parameters of the procedure were speed and flexibility. Therefore, it was conceived as a modular procedure that can easily be extended or integrated with other modules or applications.
The operative PIn Procedure is made up of an operative inversion module and a total columnar content module. The inversion module solves a direct model equation (carried out from the utilised forward model) by means of an inversion model. This module is supplied with a first guess of parameters to be retrieved, and satellite measured brightness temperatures of an entire satellite scene. For the entire scene, the following parameter images are generated: atmospheric temperature and WV vertical profiles; sea surface wind speed and direction; cloud liquid water density at saturation; inversion rmse.
Starting from such parameters, the total columnar content module calculates the total PW and LWP for the entire scene. Figure 3 shows a scheme of the PIn operative procedure. Presently, the procedure runs on a Unix Workstation characterised by the following "normal" benchmarks: 6.45/9.06 SPECint95 and 6.7/9.35 SPECfp95.
A. Forward Model

1) Atmosphere
The utilised atmosphere forward model is fully described in [3] . In particular, it considers that the standard atmospheric temperature profile in the first 25 kilometres, at the Mediterranean latitudes, may be supposed to vary linearly with height below the tropopause height z tp and to become constant upwards. Meanwhile, WV profiles are rather well approximated -for the same height, latitude and season range -by exponential functions decaying with height. Hence, for height values z ≤ 25 km, temperature profile T(z) and WV profile ) (z ρ can be written as:
where a is the surface level, T tp is the tropopause temperature in K, 0 T is the air temperature at the surface level in K, α is the temperature lapse rate in K/km, 0 ρ is the WV mass density at the surface level in g/m 3 and H is the WV scale height in km.
The operative inversion procedure is constrained to accept only effective temperature and WV profiles belonging to ranges of realistic shapes. These ranges are based on standard climatological profiles for the Mediterranean area [13] .
2) Sea surface
For TMI data, the estimate of sea surface wind contribution to the upwelling radiance is based on a general scheme [3] mainly achieved interpolating figures obtained for the AMSR frequencies [14] ; differently, for SSM/I data we used a more specific scheme calibrated for that radiometer data [15] . This choice was possible as we designed the retrieval model starting from the atmosphere forward model and then considering loosely-coupled correction modules which take into account perturbing effects due to sea-surface wind and cloud liquid water -and in prospect cloud ice content. Such modules contain the best possible physical modelling of such parameters effects, as far as procedure effectiveness and instrument calibration are considered. That stems from considering the estimation of total PW as the main purpose of the PIn procedure. Hence, we adopted a calibrated efficient correction module where it was possible -as in the case of sea surface wind contributes for SSM/I.
B. The Direct Model and the Inversion Model
The radiative transfer model coming out of the introduced forward model is represented by the following formula: where N pol is the number of radiometer channels of polarisation p. For a complete description of the direct and the inversion models, refer to [3] .
C. Parameters retrievals
For fixed acquisition angle, frequency and polarisation values, the introduced forward model (10) is a function of several physical parameters, part of which can be considered constant during the whole acquisition process. The most important ones are: the height of the atmospheric top level (which is taken equal to 25 km, since for typical values of considered parameters the asymptotic limit of brightness temperature is reached within the first 25 km) and the tropopause temperature (estimated from the area climatology). Several other parameters remain to be estimated (e.g. . surface atmospheric WV density, atmospheric temperature lapse rate, cloud liquid water density, atmospheric WV scale height, sea surface wind field, etc.). The usefulness of retrieving each of the remaining parameters relies on their impact inside the forward model. For different frequencies and polarisation, a study of the model sensitivity showed that the most important parameters are -in absence of rain -atmospheric WV density, WV scale height, cloud liquid water density, atmospheric temperature lapse rate and wind speed. Therefore, the inversion module considers such parameters as variables along with wind direction, being not separable from wind speed. For surface dry pressure and sea water salinity, climatological values are considered. Sea surface and surface atmospheric temperatures are taken equal to the corresponding weekly-averaged sea surface temperature derived from the NOAA-AVHRR and distributed by the Physical Oceanography Distributed Active Archive Center (PO.DAAC). Having considered an exponential atmospheric WV profile, precipitable water is simply given as:
The total LWP is expressed by: Figure 4 represents the framework utilised to analyse near-coincident SSM/I and TMI data related to a given acquisition scene; such statistical analyses were applied to all data-set scenes, and results were then grouped in order to be investigated and presented.
A. Statistical Analysis Framework
B. Inversion module rmse analysis
We studied the influence of inversion rmse values on total PW retrieving -for both SSM/I and TMI. This analysis is important to assess the reliability of the developed procedure and its stability. Figure 5 shows the inversion rmse histogram obtained for SSM/I data, with its fitted normal density superimposed.
The rmse distribution may be considered normal (see fig. 5 ), except for few values greater than 3.5 K. Hollinger et Al. [16] provided an estimate of the absolute calibration error for SSM/I and concluded that this error lay within 3K. Hence it is possible to say that the almost totality of rmse values (i.e. more than 99.5 per cent) are comparable with the absolute calibration error for SSM/I. We considered such value (i.e. 3K) as the rmse threshold in order to accept procedure retrievals. The applied threshold filtered out less than 0.5% of total observations. For a set of different rmse threshold values, we calculated the correlation coefficients of total PW values obtained with the PIn procedure versus the statistical algorithm ones. Figure 5 represents the behaviour of these correlation values for the diverse rmse thresholds considered. That is, an abscissa value equal to 2 implies that we consider all and only those total PW retrievals characterised by a rmse value less or equal to 2 K, in order to calculate the reported correlation value.
Referring to figure 5, it is important to point out that regardless of rmse value, the correlation coefficient is always greater than 0.97, a very good value. It is worth noting that after a first increasing effect, which is mainly due to the augmented population consistency of data set, to increase the threshold means to decrease the correlation coefficient. That confirms the fair behaviour of the inversion procedure. As far as SSM/I data is concerned, we can conclude that the reliability of the developed operative procedure seems to be very high.
Figures 6 represents the analogous achieved histogram and the rmse-threshold PW correlation plotting for TMI data.
Unlike SSM/I histogram, TMI histogram shows that rmse distribution may not be considered as a normal one; in particular, values below 2K are underpopulated. Our analyses allow us to conclude that it is likely to be caused by the wind contribution scheme which does not seem to be as accurate as SSM/I one. Although in the pre-launch analysis the absolute TMI calibration error was estimated as great as 2 K [17] , from our results such value seems to be underestimated, as far as operative measurements are concerned.Considering the reported rmse histogram, we assumed a rmse threshold value equal to 6 K in order to accept TMI PIn procedure retrievals. Thanks to such choice we filtered out less than 1.3% of total observations. Referring to figure 6 , it useful to notice that correlation coefficients may always be considered greater than 0.88; in particular to filter out rmse values at 6K signifies to consider correlation coefficients more than 0.885: good values even if they are lower than SSM/I retrieved ones. After a first increasing effect, which is due -even in that case -to the increased population consistency of data set, then to augment the TMI rmse threshold means to decrease the correlation coefficient. As far as TMI data is concerned, we can conclude that the reliability and the stability of the developed operative procedure seems to be high, even if the absolute accuracy of the inversion model must be further investigated, especially when TMI operational accuracy will be precisely assessed.
C. PIn procedure Vs statistical algorithms total PW comparison
As previously reported, the PIn procedure PW retrieving technique was compared and validated against Schluessel's statistical algorithms retrievals. This analysis assessed the validity and the statistical accuracy of the total PW retrieving. 
1) SSM/I data
2) TMI data
Considering that the accuracy of PIn procedure PW retrieving seems to be very good with SSM/I data, we applied the procedure to TMI data and analysed the consistency of both SSM/I and TMI near-coincident PW retrievals. Besides, we compared and validated TMI PIn procedure estimates against statistical algorithm retrievals. 
D. Empirical algorithm to estimate total PW from TMI data
Starting from the PIn procedure PW retrievals, it is possible to introduce a new (the first one, to the authors' knowledge) TMI statistical algorithm for PW retrieving.
The brightness temperatures in all TMI channels -corresponding to SSM/I-show a high correlation with the PW contents, as estimated from the PIn procedure (see Figure 11 shows the scatter diagram of the variation of total PW with respect to 21.3 GHz brightness temperature.
Starting from PW retrievals obtained applying the PIn procedure to TMI brightness temperatures, it is possible to achieve a non 
The scatterplot depicted in Figure 12 shows the correlation existing between the retrieved PW values obtained applying the (16) to TMI brightness temperatures and the PW values obtained with Schluessel 3 algorithm applied to near-coincident SSM/I data.
The least squares line is superimposed. The obtained rmse is equal to 0.812.
The statistical regression was calculated considering about 6000 near-coincident TMI and SSM/I observations.
E. PIn procedure Vs statistical algorithm LWP comparison
PIn procedure LWP retrieving was compared and validated against SSM/I statistical algorithms. That analysis was useful to assess the validity and the statistical accuracy of the achieved LWP retrievals. From our analyses it turned out that only the areas of the acquired SSM/I data-set, which was not coincident with TMI crossings were characterised by significant cloud liquid content values; on the contrary the coincident areas -i.e. with the TMI data-set -were not characterised by useful cloud water content, which was confirmed by the statistical algorithms retrievals. This is mainly due to the particular latitudes that characterise TMI acquisitions, as well as to the applied filtering processing which ensured a substantially dry atmosphere. Figure   13 shows the worked out PIn procedure LWP retrievals against LWP values derived from statistical algorithms.
According to Weng and Grody studies [11] , it is possible to say that we are analysing rain-free stratus clouds, as LWP 85H performs better than LWP 37V and retrievals are less than 0.4 mm. Correlation values are fairly good, although for very low liquid water contents PIn procedure retrieving clearly shows a certain inconsistency. Let us recall, however, that we are not comparing with truth, but with the results of an empirical algorithm, that for its nature always provides a LWP retrieval, even if cloud liquid water content is not clearly present. These results must be further assessed with a larger number of observations.
F. Effective vertical profiles shapes analysis
The developed procedure estimates total PW and LWP along with an effective vertical profile of WV. Therefore we analysed the shapes of achieved profiles and the consistency between SSM/I and TMI profile retrievals. That is important to assess the operative sensitivity of the procedure to WV vertical profile. In order to analyse WV effective vertical profile we considered its couple of characteristic parameters: The SSM/I and TMI distribution of WV effective vertical profiles are characterised by very similar lower limits; on the contrary the upper limits are different. In the first case the sensitivity to ρ 0 values is lower and therefore H values increase with ρ 0 decreasing at a very low rate, while in the second case the sensitivity to ρ 0 seems to be higher and the H parameter rapidly increase with the ρ 0 decreasing. After carefully analysing the inversion algorithm we conclude that this is due to two main reasons: the brightness temperature differences of the two data-sets (especially in the vapour line channels) and the utilisation of different wind effect correction algorithms. Nevertheless, comparing the two distributions areas we obtain a good agreement;
figure 14 (c) shows the superimposition of the calculated regions, the achieved distributions are confined in. We can notice that the two areas mainly overlap.
VI. SUMMARY AND CONCLUSIONS
A new fast inversion procedure (i.e. the PIn procedure) was introduced in order to operationally retrieve total PW, LWP and WV effective vertical profile; the procedure was conceived to be potentially applied to the majority of satellite microwave radiometers.
The PIn procedure was applied to a real data set made up of near-coincident SSM/I and TMI acquisitions. Total PW, LPW and WV vertical profiles were retrieved for both SSM/I and TMI data. Results were compared with well accepted statistical SSM/I algorithms. The consistency of PIn procedure results obtained with near-coincident SSM/I and TMI data was investigated.
A new algorithm (the first one, to the authors' knowledge) for retrieving PW from TMI brightness temperatures was presented.
For SSM/I, this study showed that PIn procedure PW retrieving technique seems to be as accurate as statistical ones, besides it can also retrieve high PW values as the physical inversion module models better the presence or absence of liquid water contributes and wind effects. For TMI, this study showed a very good agreement between the PIn procedure PW retrievals and the near-coincident SSM/I statistical one. As far as TMI and SSM/I PIn procedure PW retrievals consistency is concerned, this research revealed a good linear relationship up to 20 kg/m 2 and then a general overestimate of TMI retrieving. A new algorithm for obtaining total PW from TMI brightness temperatures was introduced and the goodness of its accuracy was reported. This algorithm is based on the regression of the PIn procedure PW estimates against TMI brightness temperatures. Afterwards, the obtained regression was calibrated against PW statistical retrievals obtained with the near-coincident SSM/I data.
For SSM/I, this study confirms that PIn procedure LWP retrievals seem to be good and comparable to statistical ones; nevertheless further analysis, considering more cloudy areas, are necessary.
As far as WV effective vertical profile is concerned, the analysis showed that retrieved shapes belong to a certain set of distribution; its limits were calculated and distribution areas consistency for SSM/I and TMI was analysed. Areas mainly coincide but SSM/I inversion effective profiles are characterised by a wider range of surface atmospheric WV density, whilst TMI profiles principally vary the WV scale height parameter. That is largely due to the two sensor brightness temperatures differences and to the utilisation of an optimised wind effect algorithm only for SSM/I data.
For TMI data, rmse value distribution worked out from the inversion module is generally greater than the theoreticallycalculated absolute accuracy of the instrument. This is likely to be caused by an imprecise wind effect contribution to the forward model -which was not calibrated, unlike SSM/I one-as well as to a substantial uncertainty of the operative measurement accuracy of instrument.
It is noteworthy, that the developed physical retrieval technique has been devised to work properly on the Mediterranean area and that presently it runs with either SSM/I or TMI data, but in the future it could be easily tuned for working with analogous radiometer data (e.g. AMSR, SSMI/S, SkyMed Cosmos radiometer, etc.).
In conclusion, a new inversion operative procedure was developed and tuned for the retrieving of total PW from both SSM/I and TMI measurements. It proved to be reliable and portable. It was confirmed that the procedure provides a good total PW retrieving as accurate as the best SSM/I empirical techniques. The developed procedure provides also an estimate of LWP that seems to be in good agreement with empirical one, for SSM/I data. Eventually the procedure provides effective WV vertical profiles which belongs to a deterministic distribution area; SSM/I and TMI vertical profile distribution areas mainly overlap even if they are characterised by a different sensitivity to profile shape parameters. That can be explained considering that the TMI has its water vapour channel shifted down from the 22.235 GHz line of the SSM/I, hence information coming from the water vapour channel is originating at a slightly different height. 
